Incidence of bacterial infection in 9784 lactations of 7763 cows in 31 herds, SCC in 32,448 lactations of 19,764 cows from 54 herds, and incidence of first parity mastitis recorded in the first lactations of 148,143 cows in 828 herds were analyzed. Bacterial infection was analyzed dichotomously by both threshold and linear models. The effects of parity, season, stage of lactation, and parity by stage of lactation interaction on SCC were estimated. Heritability of mean lactation log SCCcorrected for the effects of parity, season, and stage of lactation-varied from .13 to .27 for all parities in different data sets. Heritability of bacterial infection was .04 for the threshold model and .02 for the linear models. Heritability of field-recorded mastitis was .01. The genetic correlation between bacterial infection and SCC was near unity, but the genetic correlation between SCC and mastitis was .3. Selection for lowered SCC should reduce incidence of bacterial infection by 2% per unit of selection intensity. 
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INTRODUCTION
Mastitis has a major economic effect on commercial milk production, and reduction of mastitis incidence could have a major effect on herd profitability (4, 10, 23). The additive genetic standard deviations for the cost of clinical mastitis in first and later parities were estimated as $13.49 and $56.20 compared with $82 for mature equivalent milk production (10). Although major efforts are directed to controlling udder infection by improved herd management techniques, only minimal effort has been directed toward breeding for reduced susceptibility. The main reason for the lack of emphasis on udder health traits in selection is that these traits in general display very low heritability (4, 6, 7, 22, 23). However, whether the low heritability estimates obtained are due to a lack of genetic variance or due to inaccurate recording of field data for this trait is not clear. Furthermore, mastitis is recorded categorically, and heritability estimates of categorical traits on a continuous scale are generally low (11, 17, 25, 26) .
Numerous studies have indicated a positive relationship between milk SCC and udder disease (4, 5, 6, 7, 15, 23). Heritability for logtransformed SCC (LSCC) is generally higher than direct measures of udder infection (1, 7, 13, 14, 16, 19, 20, 21, 22). Estimates range from 0 to .38; the mean is close to .l. In addition, the same equipment used to assay milk components can also be used to estimate SCC. Thus, a number of studies have suggested that it may be possible to select indirectly for reduced incidence of mastitis by selection for lowered SCC (4, 6, 7, 10, 14, 22, 23) . Because SCC is affected by many factors other than bacterial udder infection, elevated SCC alone is not a conclusive indication of udder infection (15). Genetic correlations between SCC and clinical mastitis are higher than the phenotypic correlations but do not approach unity (4, 7, 10, 23, 28 Most previous studies did not correct SCC scores for systematic environmental effects in analysis, even though some factors have major effects (27) . For continuous traits, multitrait REML is the method of choice to estimate genetic and environmental parameters. Most previous studies have used other methods. An exception is Schutz et al. (19) , who corrected for age and month of calving and estimated variance components using both Henderson's method 3 and REML. Previous studies that analyzed BAC used methods inappropriate for discrete variables (4, 28) . Recently, methods based on the threshold model were developed that are more appropriate for analysis of discrete variables (9, 12) . Those methods have already been applied to analyses of several discrete traits of interest, including dystocia, calf mortality, and twinning rate (11, 17, 25, 26) . The goals of the present study were to develop lactation measures of SCC for Israeli Holsteins; to determine the genetic and environmental relationships among SCC, clinical mastitis, and udder infection, as recorded by veterinary laboratories using multitrait REML; and to estimate genetic and environmental parameten for BAC using both linear and threshold models.
MATERIALS AND METHODS
Three data sets were analyzed. Set 1 consisted of 9784 lactations of 7763 cows in 31 herds that were assayed for udder bacterial infection between January 1988 and June 1990. Four regional laboratories participated in the trial under the supervision of the Israel Mastitis Reference Center. Bacterial assays were performed on a composite milk sample from all four quarters. Sampling and storing of composite samples and the biological procedures for diagnosis of udder pathogens conformed to the recommendations of the Research Committee of the US National Mastitis Council (3). The major bacterial species recorded were Staphylococcus aureus, coagulase-negative staphylococci (micrococci), Streptococcus sp. other than Streptococcus agalactiae (Streptococcus uberis and Streptococcus dysgahctiae), and coliform organisms (Escherichia coli, Aerobacter aerogenes, Klebsiella sp., and Serratia sp). Of the 9784 lactations that were assayed, 4355 (45%) were assayed at least twice, and 1677 (17%) were assayed at least three times. There were 19,125 bacterial assays taken in 9784 lactations. Fiftythree lactations without SCC records were deleted, leaving 973 1 valid lactation records. The SCC was recorded on 57,351 monthly tests of these lactations.
Data set 2 consisted of 32,448 lactations of 19,764 cows in 54 herds with at least one valid monthly SCC record, recorded between January 1988 and June 1990. There were 133,313 valid SCC records in this data set. This data set included the SCC data from data set 1. The additional herds included in this data set were under lesser scrutiny than those in data set 1. Thus, the mean number of SCC records per lactation was lower. Annualized milk and fat production, adjusted for parity, calving age, month of calving, and days open were computed as described by Ezra et al. (8) . Incomplete lactations were extended for production traits as described by Bar-Anan et al. (2). Means for production traits were 9465 kg of milk, 299 kg of fat, and 3.18% fat. Data set 3 consisted of 148,143 first lactation records of cows that freshened between January 1985 and June 1990 from 828 herds that were field-recorded for clinical mastitis until May 1991. Of these, 5502 had valid first parity records for the lactation measure of SCC computed from data set 2. Four categories were determined by the herd manager: 0, no mastitis; 10, one incidence of mastitis; 15, two incidences of mastitis; and 20, more than two incidences of mastitis. Basic description of the data sets is in Table 1 .
As assayed in data set 1, BAC was analyzed by the following model:
where BACijum is the result of the first bacterial assay of parity k of a cow in herd-yearseason ( H Y S ) m, taken at month in milk 1, daughter of sire j from group i of sires; Gi is the effect of group i of sires; S-is the effect of sire j of group i; Pk is the e#ect of parity k;
MIMl is the effect of month in milk 1, HYS, is the effect of HYS m, and qjis the random residual associated with each record. Sires were grouped biennially by year of birth in this analysis and in the model of Equation 141. In this model, sire, HYS, and residual effects were considered to be random, and all other effects were assumed to be fixed. Because of software limitations, sires were considered to be unrelated in this analysis. The BAC was scored dichotomously either as 0, when no pathogen was detected, or as 1, when a pathogen was detected. Only daughters of sires with at least 10 valid daughter records were included in the analysis. Two seasons, beginning The SCC lactation curves were computed from data set 2 as the mean loglo SCC cells per microliter (LSCC) for all cows within a parity-stag? of lactation class. Stage of lactation classes were defined as 15-d intervals starting with parturition. This allowed for sufficient data in each class to obtain relatively smooth curves. A lactation measure of SCC was computed as the lactation mean of LSCC (MSCC) and corrected for the effects of parity, calendar month of test, and DIM at test. Various models with different combinations of interactions were tested. After elimination of nonsignificant effects, the following model was most appropriate to compute the effects of these factors on LSCC:
where LSCCiju is the LSCC for test 1, recorded in calendar month k, of a cow from herd j in parity i; Pi is the effect of parity i; H. Records of daughters of sires with less than 10 valid records per sire were deleted in the covariance components instead of the sire variance components.
RESULTS AND DISCUSSION
Incidence of the major pathogens in the first assay of each lactation in data set 1 is given in Table 3 . Of 9731 lactation records, 22.8% were infected in the first assay. The most common pathogen was Staph. aureus, followed by coagulase-negative staphylococci, coliforms, and Streptococcus sp. other than Strep. agalactiue. Infection rates for any other pathogens were less than 1%. Relative frequencies of pathogens differed from the results of Coffey et al. (4), who found Staphylococcus epidennidis and Corynebacterium bovis to be the most prevalent pathogens. Staphylococcus aureus was the main pathogen in 62% of the infected samples. In the following analyses, only two infection states were considered: infected with pathogen (given a value of 1) or uninfected (given a value of 0).
Means of BAC by fixed effect levels and solutions for fixed effects for the analysis of BAC by the threshold and linear models using Table 4 . The first level of each fixed effect was set to 0 in all analyses. The BAC increased with parity and decreased by group number, but these two effects were confounded. Sires were grouped by birth year, and the earlier groups had more daughters in later parities. The BAC increased until 7 mo in milk and then decreased. Variance components and heritability estimates by both models are in Table 5 . There were only 2801 first parity records. This sample was considered to be too small for a separate first parity analysis. As in previous studies (17. 25, 26), variance components and heritability were nearly doubled by the threshold model, but heritability was .045. The correlation between sire solutions derived by the linear and threshold models was .99, effects were quite large in both analyses, .2 to .3 of the residual. Thus, treating this effect as fixed would have very little effect on solutions. Lactation curves for LSCC are in Figure 1 . The LSCC lactation curves are "inverted" relative to production lactation curves. The first parity lactation curve was markedly different from the later parity curves. These results are similar to the LSCC lactation curves of Schutz et a]. (18), except that those authors found h g h LSCC values at the beginning of the lactation for all parities. Solutions for the discrete effects included in the analysis of LSCC by the model of Equation [2] are in Table 6 , and the regression coefficients for the continuous effects are in Table 7 . All effects included in the model were significant at P c .001, but the coefficient of determination was only .19. The parity effects were computed relative to 0 DIM. Thus, the first parity effect was highest, even though mean LSCC is lowest in first parity. Corresponding to the lactation curves in Figure 1 , the effect of the square root of DIM was negative for all parities and of greatest absolute value for first parity; LSCC was highest in February and March and lowest in October and November.
Genetic and environmental correlations and heritabilities for MSCC, adjusted milk and fat production, and fat percentage are in Table 8 for the analyses of all parity records and of first parity records from data set 2. Genetic and environmental correlations and heritability estimates for these four traits and for BAC over all parities from data set 1 are in Table 9 .
Standard errors of the heritability estimates are also given. Because only lactations with valid records for all traits were included in each analysis, the number of records for the fivetrait analysis was only 4998, whereas the fourtrait all parity analysis included 16,221 records ( Table 2 ). These differences may explain to some degree the differences among the three heritability estimates derived for MSCC and production traits. Heritability was highest for MSCC in the four-trait all parity analysis (.27) and lowest in the five-trait analysis (.13). The former value is higher than most estimates in the literature (1, 7, 13, 14, 16, 19, 20, 21, 22) ; however, most previous estimates were computed on unadjusted SCC or LSCC scores. Monardes and Hayes (14) found lowest heritability for second parity. The heritability estimate for BAC from the multitrait analysis was slightly lower than the linear model single-trait analysis, but the difference was not significant. The genetic correlation between MSCC and BAC was nearly equal to unity, but the environmental correlation was only .3. The correlation between sire evaluations for MSCC and BAC was .87. Coffey et al. (4) found correlations of about .6 between sire evaluation for SCC and incidence of BAC but did not directly estimate the genetic correlation. The genetic correlation between MSCC and production traits was lowest in the four-trait all parity analysis and highest in the five-trait analysis. Similar to previous results, the genetic correlation between production and SCC was positive, Le., economically unfavorable (7, 19, 20, 21) . These results indicate that, under Israeli field conditions, selection on MSCC will be more efficient in reduction of BAC than direct selection on BAC. The gain in selection by direct selection on BAC will be ih20p, where i is the selection intensity, h2 is the heritability of BAC, and op is the phenotypic standard where hs is the square root of the heritability of MSCC, rg is the genetic correlation, and o b is the additive genetic standard deviation for BAC. The heritability of MSCC from the fivetrait all parity analysis is .134. Thus, h, = ,366. The sire component of variance for BAC as in Table 9 for the linear model is .000536; thus, the additive genetic variance is ,00214, and a b = .046. Thus, per unit of selection intensity, CR = (.366)(.994)(.046) = .017 or a decrease of 1.7% in the incidence of BAC. In addition to yielding a great in response to selection, it is easier and less expensive to score SCC than BAC.
Variance and covariance components were computed for 5502 first parity lactations with valid MSCC and clinical mastitis records from data set 2. In addition, variance components were estimated for clinical mastitis from the complete file for data set 3. Frequencies of the different mastitis scores in each data set are in Table 10 and were generally similar. Heritabilities were .213 and .009 for MSCC and clinical mastitis. The genetic correlation of MSCC and clinical mastitis was .299, and the environmental correlation was .110. Heritability of clinical mastitis from the complete data set 3 analysis was .010. Both the heritability estimates for mastitis and genetic correlation between mastitis and SCC were lower than most literature estimates (6, 7, 22, 23). The low genetic correlation and heritability for clinical mastitis may be due to inaccurate recording of field data. Because of the low heritability, direct selection on clinical mastitis will not be an efficient method to increase udder health. '0 = No incidence of mastitis, 10 = 1 incidence of mastitis, 15 = 2 incidences of mastitis, and 20 = more than 2 incidences of mastitis during the lactation.
'Included only lactations with valid records for both mastitis and mean corrected log SCC (data set 2). 31ncluded all valid fmt parity mastitis records (data set 3).
